understanding of the evolution of cooperation and sociality requires knowledge of how genes and environment interact in shaping the life-history trajectory and social development of individuals.
Gene Regulation: Global Transcription Rates Scale with Size Is bigger better? Scientists have long puzzled over the potential relationship between cell size and the rate of mRNA production. A recent report builds a strong case that global transcription rates scale with size.
Huzefa Dungrawala 1 , Arkadi Manukyan 2 , and Brandt L. Schneider 1, * While the size of organisms varies over an almost incomprehensible range, the average size of cells is remarkably invariant between species [1,2]. These observations suggest that cells have an active mechanism to ensure cell size homeostasis. Excessive growth would produce cells of ever increasing size. Conversely, unrestrained proliferation in the absence of adequate growth could result in a mitotic catastrophe. Put simply, cells must have a means of coordinating their rate of cell growth with their rate of division.
Collectively, the term 'cell growth' refers to the metabolic processes involved in macromolecular anabolism, and the bulk of this consists of DNA, RNA, and protein synthesis. DNA replication occurs only during a discrete phase of the cell cycle. In contrast, protein and RNA synthesis are continuous processes. While cell proliferation is inarguably exponential, it is considerably less certain if cell growth is exponential. Exponential growth dictates a dependence upon size; large cells grow proportionally faster than small ones. Thus, exponential growth puts a premium on cell size.
The potential importance of size has been a hot topic that has teased the minds of philosophers and scientists for hundreds of years. Modern marketers continually batter 'pop culture' with the concept that bigger is better. Sometimes the evidence in favor of this idea is inescapable. Strength is nearly always proportional to size, and evidence suggests that longevity and metabolic rates scale with size [1, 3] . Large organisms are long-lived, perhaps because they are more metabolically efficient. The average domesticated elephant lives 30-100 times longer than the average laboratory mouse [1]. However, considerably less is known about the relationship between size and basic cellular processes like RNA production. For example, as cells enlarge, their DNA to protein ratio declines (Figure 1 ). Thus, with respect to their mass, the relative gene dosage of each cell decreases. Does this result in a concomitant decrease (or increase?) in global transcription rates? In this issue of Current Biology, Zhurinsky et al. [4] re-examine the relationship between the rate of mRNA synthesis and cell size.
With respect to global mRNA production, two very general processes occur with cell cycle progression. First, in order to produce nearly identically sized daughters, cells continually increase in size as they advance towards cytokinesis. Second, cells replicate their DNA during S-phase. What remains to be resolved is how each of these events affects global RNA transcription. Initial experiments conducted in synchronized yeast cultures suggested that mRNA transcription rates abruptly doubled after DNA replication [5, 6] . Similar results were obtained in HeLa or CH-Don-C cells [7] [8] [9] . Since the sharp rate change for mRNA production was not mirrored by the rate at which cells increased in size, these data were more consistent with a gene dosage model. This interpretation was also supported by the finding that halting DNA replication via hydroxyurea treatments concomitantly decreased mRNA production rates [5] . Taken together, these results suggested that mRNA transcription rates correlated more closely with gene copy number than with cell size.
However, there is also considerable evidence suggesting that the rate of RNA transcription increases continuously throughout the cell cycle in a pattern that correlates strongly with cell size. For example, uridine pulse-labeling experiments of human and mouse cells provided evidence for exponential (aka size-dependent) increases in RNA synthesis [10, 11] . Size-dependent exponential increases in RNA synthesis have also been observed in budding and fission yeast [12] [13] [14] . In addition, several different studies have shown that cellular RNA contents closely mirror cell size and total protein content even in cells with high DNA to protein ratios [12, 13, 15] .
Thus, the issue of how gene dosage affects RNA synthesis, and whether global transcription rates scale with size, has remained largely unresolved. To examine these questions in more depth and with modern genomic technologies, Zhurinsky et al.
[4] have compared the total RNA production rate in a small size mutant, wee1-50, to a large size mutant, cdc25-22. Since some of the discrepancies reported above might be due to artifacts associated with cell cycle synchronization, asynchronous cultures were used. In so doing, they report that global RNA transcription rates closely mirrored cell size. Specifically, they found that the ratio of total RNA to protein was constant. By using microarray analyses to compare the differential expression of 4,655 genes between small and large cells, it was found that w98% of these genes were equivalently regulated [4] . In addition, chromatin immunoprecipitation (ChIP) assays revealed that the level of promoter occupancy by RNA polymerase II also strongly scaled with size. Indeed, only 1.8% of the 4638 genes showed significant deviation from the median values. Even more telling, only 18 genes (w0.4%) were differentially regulated in both the mRNA microarray and ChIP experiments [4] . These results demonstrate that within a two-fold size range, global transcription rates appear to be size-dependent.
Using strains with temperaturesensitive mutations to produce greatly enlarged cells, Zhurinsky et al. [4] showed that total RNA synthesis rates increased even in very large cells. Microarray analyses again revealed that the transcription rate of individual genes generally increased in direct proportion to size. However, after a 4-5 fold increase in size, the total transcription rate began to level off (Figure 1) . Significantly, the rate of protein synthesis also leveled off at this same time. These results suggested that only at very large sizes does 'gene dosage' become limiting for transcription rates. However, in large cell mutants in which DNA replication is not blocked, global transcription rates continuously increased as cells enlarged. Put simply, these results suggest that global transcription rates scale with size.
During balanced cell growth, in order to maintain homeostasis, individual cells must double their cell mass each generation. While the genetic and molecular pathways that govern this process are being elucidated [2, 16, 17] , the basic mathematical pattern that governs simple biological processes, like the rate of RNA synthesis throughout the cell cycle, has remained controversial. Using a number of clever approaches, Zhurinsky et al. [4] demonstrate that the expression level of >98% of all genes in fission yeast are tightly coordinated over a wide range of cell sizes. Since even under physiological conditions individual cells can have nearly a five-fold range of sizes, these results suggest the existence of a compensatory mechanism that couples global transcription rates to size. While this type of global control provides a metabolically efficient mechanism for modulating cell growth, the molecular mechanisms whereby this is achieved remain relatively unknown. Moreover, despite this advancement, there is a great deal more to be learned about the relationship between size and transcriptional control. For example, nutrient limiting conditions profoundly disrupt the coordination between size and gene expression [18, 19] . However, the implications of these observations with respect to Zhurinsky et al. 's [4] findings are unclear at this point. In addition, the transcription of a number of cell cycle regulated genes in budding yeast does not scale smoothly with size [20] . For example, the expression of the G1-phase cyclins, CLN1 and CLN2, abruptly switches from 'off' to 'maximal' within a very small size range [20] Life History: The Energy-Efficient Orangutan A study of orangutans' daily energy expenditure confirmed exceptionally slow metabolism. It suggests they evolved a lifestyle designed to minimize energy use. If so, shifting to a higher energy-use strategy may help explain how humans evolved.
Anne E. Russon
The pattern Aesop mused upon in the 5 th century BCE, that animals can differ in their pace of life -tortoises being slow, hares being fast -has become one of the most important topics in modern evolutionary biology. In biology, the pace of a species' life cycle from conception to death is called its 'life history'. It is defined by the timing of events in an individual's life that are critical to survival and reproduction, e.g., longevity, age at first reproduction, gestation length, the interval between births and age at weaning [1] . Life histories reflect packages of linked traits that vary the overall pace of life from slow to fast: slow livers tend to be large, long lived, and produce few offspring, whereas fast livers tend be small, die young, and reproduce more. The big evolutionary question is: why are there different life histories?
A new study by Pontzer and colleagues [2] brings orangutans to front stage in the study of life history evolution. Orangutans are well known for slow pace of life (Figure 1) -the slowest of all the great apes. But because of that, they were the neglected apes of the 20 th century, dismissed as sluggish, slothful and uninteresting. They have the latest age of first reproduction (over 15 years), longest intervals between births (7-9 years) and latest age at weaning (6-10 years) [3] . They also travel little, and do so slowly; they socialize little and rest a lot. Pontzer's work [2] now offers new evidence about the basis for their exceptionally slow life histories.
Generally, it appears that species' life histories have evolved to balance diverse selection pressures. For this reason, they are often called 'strategies'. For instance, they reflect the effects of major environmental challenges on mortality during adulthood (the reproductive period); species with lower adult mortality rates tend to have slower life histories [4] . Orangutan slowness is consistent with the poor and fickle food supply of Southeast Asian forests: during the worst food lows, they may survive on bark and their own fat stores for months on end [5] . Other traits are also tied to a species' life history: notably, large body size and large brain size correlate with slow life history. A common view is that these links are due to tradeoffs in allocating energy to survival as opposed to reproduction [6] . In great apes, for instance, growth and juvenile development may be delayed or in humans gut size may be reduced, to pay the costs of growing or operating these species' large brains [7, 8] .
Pontzer's group [2] explored newer views that different life history strategies reflect different management of total energy useintake and expenditure, or throughput, not just different energy allocation. Focusing on energy use emphasizes the interactions within the set of interrelated ecological, behavioral and physiological traits that characterize the species, that is, the species' 'lifestyle' [9] . Strategies for energy use seem to vary from high to low, depending on food availability and mortality threats [9] [10] [11] [12] : abundant and reliable food supplies favor high energy-use strategies, while unpredictable food supplies or high predation risks while foraging favor low energy-use strategies. Importantly, species with access to abundant, reliable food resources may be able to reproduce more than those whose food resources are low in abundance, unreliable, or dangerous to obtain [12] . If physiology is a key factor in energy use, then metabolism must play an important role [13] .
